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METHOD FOR THE ISOLATION OF STEM CELLS BY 
IMMUNO-LABELING WITH HLA/MHC GENE PRODUCT MARKER 

This application claims the benefit of priority under 35 U.S.C. § 119(e) of 
provisional application serial number 60/202,979, filed May 10, 2000, the contents of 
5 which are hereby incorporated by reference. 

FIELD OF THE INVENTION 

Embodiments of the present invention are directed to a method for isolating 
mammalian stem cells from a population of cells by immunolabeling the population of 
cells with MHC/HLA gene-product markers. Further embodiments of the present 
1 0 invention are directed to the purification and enrichment of cells so isolated. 

BACKGROUND OF THE INVENTION 

Nearly every cell in an animal's body, from neural to blood to bone, owes its 
existence to a stem cell. A stem cell is commonly defined as a cell that (i) is capable of 
renewing itself; and (ii) can give rise to more than one type of cell (that is, a 
,15 differentiated cell) through asymmetric cell division. F. M. Watt and B. L. M. Hogan, 
"Out of Eden: Stem Cells and Their Niches," Science, 284, 1427-1430 (2000). Stem 
cells give rise to a type of stem cell called progenitor cells; progenitor cells, in turn, 
proliferate into the differentiated cells that populate the body. 

The prior art describes the development, from stem cell to differentiated cells, of 
20 various tissues throughout the body. U.S. Patent No. 5,81 1 ,301 , for example, the 
disclosure of which is hereby incorporated by reference, describes the process of 
hematopoiesis, the development of the various cells that comprise blood. The process 
begins with what may be a pluripotent stem cell, a cell that can give rise to every cell of 
an organism (there is only one cell that exhibits greater developmental plasticity than a 
25 pluripotent stem cell; this is a fertilized ovum, a single, totipotent stem cell that can give 
rise to an entire organism when implanted into the uterus). The pluripotent stem cell 
gives rise to a myeloid stem cell. Certain maturation-promoting polypeptides cause the 
myeloid stem cell to differentiate into precursor cells, which in turn differentiate into 
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various progenitor cells. It is the progenitor cells that proliferate into the various 
lymphocytes, neutrophils, macrophages, and other cells that comprise blood tissue of 
the body. 

This description of hematopoiesis is vastly incomplete, of course: biology has 
5 yet to determine a complete lineage for all the cells of the blood (e.g., it is has yet to 
identify all the precursor cells between the myeloid stem cell and the progenitor cells to 
which it gives rise), and it has yet to determine precisely how or why the myeloid cell 
differentiates into progenitor cells. Even so, hematopoiesis is particularly well studied; 
even less is known of the development of other organ systems. With respect to the 
10 brain and its development, for example, U.S. Patent No. 6.040,180, the disclosure of 

which is hereby incorporated by reference, describes the "current lack of understanding 
n of histogenesis during brain development." U.S. Patent No. 5,849,553, the disclosure of 

2 which is hereby also incorporated by reference, describes the "uncertainty in the art 
n concerning the development potential of neural crest cells." 

b\5 The identification and isolation of stem cells has daunted researchers for 

0 decades. To date, no one has identified an individual neural stem cell or hematopoietic 

3 stem cell. F. H. Gage, "Mammalian Neural Stem Cells," Science, 287, 1433-1488 

!! (2000). There are two principal difficulties. First, stem cells are rare. In bone marrow, 
0 for example, where hematopoiesis occurs, there is only one stem cell for every several 
:!20 billion bone marrow cells. G. Vogel, "Can Old Cells Learn New Tricks?" Science, 287, 
1418-1419 (2000). Second, and more importantly, researchers have heretofore been 
unable to identify molecular markers which are unique to stem cells; to the typical 
immunoassay, most stem cells look like any other cell. Id. Compounding this problem 
is that primitive stem cells may be in a quiescent state. As a result, they may express 
25 few molecular markers. F. H. Gage, supra. 

A method to identify and effectively isolate stem cells would be of immense 
importance. Researchers are already transplanting immature neurons, presumed to 
contain neural stem cells, from human fetuses to adult patients with neurodegenerative 
disease. The procedure has reduced symptoms by up to 50% in patients with 
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Parkinson's disease in one study. M. Barinaga, "Fetal Neuron Grafts Pave the Way for 
Stem Cell Therapies," Science, 287, 1421-1422 (2000). Many of the shortcomings of 
this procedure, including the ethical and practical difficulties of using material derived 
from fetuses, could be addressed by using cultures of isolated stem cells, or stem cells 
5 obtained from adult individuals. 

Transplantation of purified hematopoietic stem cells could replace bone marrow 
transplants. Such stem cells are free of contamination with cancer cells, and could 
induce life-long tolerance of donor organ or tissue transplants. I. L. Weissman, 
"Translating Stem and Progenitor Cell Biology to the Clinic: Barriers and 
1 0 Opportunities," Science, 287, 1442-1446 (2000). Transplantation of islet stem cells 
could replace insulin therapy; skeletal muscle stem cell transplants could treat patients 
r= s with life-threatening muscle loss, such as can occur with muscular dystrophy; and 
£ transplantation of heart muscle stem cells could be used to regenerate heart muscle 
B ravaged by myocardial infarction. Id. There are many more important uses, but one 
\«1 5 must first have the starting material - the stem cells that make these uses possible - 
Vj before they may be investigated and applied. The invention described herein is the first 
= to provide that starting material. 

j| BRIEF DESCRIPTION OF THE FIGURES 

D FIG. 1 shows immunohistochemistry staining for B 2 microglubulin (B 2 m) of paraffin 

? * 20 liver sections and cyto-spun cells from whole liver cell preparations. The solid arrow 
identifies bone-marrow-derived hepatocyte stem cells. 

FIG. 1A shows cells stained for B 2 m in a whole-cell isolation from 24-days-old 
rats. The blue discoloration represents cells that do not express B 2 m (B 2 m~). 

FIG. 1B shows B 2 m~ cells cyto-spun after whole cell isolation from rats subjected 
25 to common bile duct ligation on day 10. 

FIG. 1C shows B 2 m~ cells after whole-cell isolation from rats subjected to 
common bile duct ligation on day 21 . These cells have an oval shape, unlike the small 
dense, cells shown in FIG. 1A. 
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FIG. 1D shows (3 2 m~ cells from paraffin sections of human liver (PSC). 

FIG. 1E shows positive Thy-1 staining of 0 2 rrT cells after whole-cell isolation 
from rats subjected to common bile duct ligation on day 21. These cells also have an 
oval shape, unlike the small, dense cells shown in FIG. 1A (the stain used on the cells 
5 shown in FIG. E is the same as that used on the cells shown in FIG. 1C). 

FIG. 1F shows (3 2 m~ cells "streaming" from portal tracts in liver cells prepared 
after 21 days from rats that underwent common bile ligation. 

FIG. 2 shows the result of RT-PCR and immunohistochemistry studies on 
(3 2 m~7Thy-1 + cells (bone marrow-derived hepatocyte stem cells) purified from bone 
1 0 marrow (human and rat), utilizing a two-step magnetic bead cell sorting procedure 
(D/MACS). 

FIG. 2A shows bone marrow-derived hepatocyte stem cells stained positive for 

ALB. 

FIG. 2B shows bone marrow-derived hepatocyte stem cells stained positive for 

/1 5 AFP. 

FIG. 2C shows bone marrow-derived hepatocyte stem cells stained positive for 

CK8. 

FIG. 2D shows bone marrow-derived hepatocyte stem cells stained positive for 
CIEBPa. 

20 FIG. 2E shows the results of RT-PCR on bone marrow-derived hepatocyte stem 

cells purified from bone marrow on day 10. The bone marrow was obtained from rats 
that had underwent common bile duct ligation. Expression of ALB, CIEBPa, HNF-4 but 
not IINF-1 is seen. "MW STD" refers to molecular weight standard; p-actin was used as 
positive systematic control and normal hepatocytes were used as gene specific positive 

25 control. 
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FIG. 2F shows bone marrow-derived hepatocyte stem cells stained positive for 

ALB. 

FIG. 2G shows the results of RT-PCR on bone marrow-derived hepatocyte stem 
cells purified from human normal bone marrow. Expression of ALB and CIEBP is seen. 
5 Negative control with rat albumin primers was used. 

FIG. 3 illustrates a cell culture system simulating liver regenerative response 
environment. 

FIG. 4 illustrates the characterization of bone marrow-derived hepatocyte stem 
cells in culture. 

10 FIG 4A is a three-dimensional digital reconstruction, utilizing confocal 

microscopy, of bone marrow-derived hepatocyte stem cells (cells were micro-dissected 
from culture and plated on slides for immunofluorescence studies). Red indicates 
CAM5.2 and green indicates albumin. 

FIG 4B shows immunofluorescence of bone marrow-derived hepatocyte stem 
15 cells in culture; green indicates albumin. 

FIG 4C shows the results of RT-PCR on bone marrow-derived hepatocyte stem 
cells in culture, expressing albumin, HNF-1 and CEBP/a. 

FIG 4D shows fresh bone marrow-derived hepatocyte stem cells Ihr in culture. 

FIG 4E shows bone marrow-derived hepatocyte stem cells after 7 days in 
20 culture. 

FIG 4F shows the results of electron microscopy, demonstrating the hepatocytic 
ultra structure of bone marrow-derived hepatocyte stem cells in culture. The full arrow 
is pointing at villi; the empty arrow is pointing at glycogen granules. 

DETAILED DESCRIPTION OF THE INVENTION 
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The inventors have discovered that many stem cells, including, for example, 
liver, spleen, and neuronal stem cells, do not express ^microglobulin ("p 2 m"). This is a 
surprise, because p 2 m is among the least polymorphic and the most-conserved 
immune molecules in nature. It appears on all cells that have a nucleus - that is, on the 

5 cells of every bird, mammal, and all other animals. Only a few cells are known to lack 
it, such as spermatazoa and certain cells at the inner cell membrane of an embryo. 
When (3 2 m appears with class I molecules of the major histocompatibility complex 
("MHC") it functions to stabilize the alpha chain of these molecules and facilitate antigen 
transport. No other role is known for it. Most p 2 m is expressed on the cell surface 

10 without class-l molecules, however. There, its function is unknown. 

The method of the invention identifies stem cells by obtaining a sample of cells, 
and then sorting from the sample cells that express p 2 m from cells that do not. The 
) sample that expresses p 2 m is referred to as ^microglobulin positive (p 2 m + ); the sample 
j that does not express p 2 m is referred to as p 2 microglobulin negative (p 2 m~). It is the 
;1 5 p 2 rrT sample that contains stems cells. 

The inventors have discovered that p 2 m~ cells are among the earliest of stem 
cells and may be the "ultimate" stem cells - true isolated embryonal stem cells that 
researchers have sought for years without success to isolate. Such cells can remain 
I dormant throughout development until activated in a mature adult organism. 

20 One identifies stem cells according to the method of the invention by first sorting, 

from a population of cells, cells that are p 2 m~ from cells that are p 2 m + . One then 
selects from the p 2 m~ cells the stem cell of interest; this is performed by sorting cells by 
their expression of a known cell marker. Any marker that is known to be associated 
with stem cells may be used. Preferred such markers are proteins encoded by HLA 

25 (human leukocyte antigen) or MHC (major histocompatibility complex) genes. These 
include, for example, HLA markers such as RT1A, RT1B, RT1D, and hematopoietic 
stem cell markers such as Thy-1, flt-3, CD 34, c-Kit, and CD38. Thy-1 is especially 
preferred; the inventors have discovered that Thy-1 is specific for hepatocyte stem 
cells. U.S. Patent Nos. 6,127,135; 6,090,622; and 5,643,741 , the disclosures of which 



6 



are hereby incorporated by reference, describe still additional stem cell markers. Any of 
these markers may be used to select, from the population of p 2 m~ cells, the stem cell of 
interest. A list of preferred markers is presented in Table 1 . 
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Table 1 - Markers used to identify liver stem cells and neuronal stem cells 



Marker 


Supplier of antibodies to 

IVIr\r\r\C.r\ 


Species 


anti- 
rat/mouse/ 
human? 


Monoclonal 
or 

polyclonal? 






Rat/rab 
bit/m/g 


r/m/h 


m/p 


Albumin human 










Albumin 


Accurate Chemical & 
Scientific Corooration 
Westbury, NY 


Rabbit 


Rat 


P 


Albumin mouse 
anti rat (special) 




m 


rat 


P 


AFP 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Goat 


H 


P 


CK19 


Amersham 






M 




Santa Cruz Biotechnoloav 
Santa Cruz, CA 


Rabbit 


H 


P 


CD34 


Santa Cruz Biotechnoloav, 
Santa Cruz, CA 


Mouse 




M 


CD38 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Goat 




P 


c-Kit 


Santa Cruz Biotechnoloav, 
Santa Cruz, CA 


Rabbit 


M,R,H 




r-Kit Onnonrotein 


Novocastra Laboratories, 
Newcastle upon Tyne, UK 


M 


H 


M 


Thy-1 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Goat 


H 


P 


Flt-3/FIk-2 (S-18) 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Rabbit 




P 


IL-3Ralpha 


Santa Cruz Biotechnology, 


Rabbit 


M/Rat 


P 
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Santa Cruz, CA 








RT1A 


PharMigen, San Diego, CA 


M 


Rat 


M 


RT1A (FITC) 


PharMigen, San Diego, CA 


M 


Rat 


M 


RT-1A 


Harlan Sera-Lab, Belton, 
Loughborough, UK 


M 


Rat 


M 


RT1 B (FITC)- 


PharMiaen, San Dieqo, CA 


M 


Rat 


M 


RT1D 


Pharmigen, San diego, CA 


M 


R 


M 


RT1D 


Pharmigen, San Diego, CA 


M 


Rat 


M 


RHD(FITC) 


Pharmigen, San Diego, CA 


M 


Rat 


M 


Beta-2- 
microglobulin 


NeoMarkers, Inc. Fremont, 
CA 


Mouse 


human 


monoclo 


Beta-2- 
microglobulin 


Santa Cruz, Biotechnology, 
Santa Cruz, CA 


G 


M 


P 


Beta-2- 
microalobulin 

III I \^ 1 1 \A lilt 


Pharmingen 


M 


Rat 


M 


Anti-Rat 

Macrophage 

Subset 


Pharmigen, San Diego, CA 


M 


Rat 


M 


Desmin 


Novocastra Laboratories, 
Newcastle upon Tyne, UK 


M 


H 


M 


alpha SMA 


Sigma, Saint Louis, 
Missouri 


M 


H 


M 




GFAP 


Sigma, Saint Louis, 
Missouri 


Rabbit 






Vimentin 


Santa Cruz Biotechnology, 
Santa Cruz CA 


Goat 


H 


P 












Mouse lgG1, 


Pharmingen International 


Mouse 


h 


M 


Normal Rabbit 
Serum (Blocking 


Rockland, Gilbertsville, PA 


Rabbit 
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Grade) 




















Anti-Goat-FITC 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Donkey 


goat 


P 












Mouse-anti 
Human HLA-B27 


Serotec Ltd, Kiddington, 
Oxford, GB 


M 


H 




Mouse Anti 
Human HLA- 
B7:RPE 


Serotec Ltd, Kiddington, 
Oxford, GB 


M 


H 




Mouse Anti 
Human H LA-ABC 


Serotec Ltd, Kiddington, 
Oxford, GB 


M 


H 




Rat Anti Human 
HLA Class 1 


Serotec Ltd, Kiddington, 
Oxford, GB 


Rat 


H 




HLA-A AB-1 


Neo Markers, Union City, 
CA 


M 


H 


M 


H LA-DP Ab-1 


Neo Markers, Union City, 
CA 


M 


H 


M 


Mouse 

(Monoclonal) anti- 
Human HLA Class 
I Unconjugated 


Biiosource International, 
Camarillo, CA 


M 


H 


M 


Mouse MHC 
Class II (l-A) 


Accurate Chemical & 
Scientific Corporation, 
Westbury, CA 


M 


Rat 




Rat Anti Human 
HLA-DR/Mouse 
H-2 l-A 


Serotec Ltd, Kiddington, 
Oxford, GB 


rat 


H 




Mouse anti 
Human HLA DQ 

/->!__„ II 

uiass ii 


Serotec Ltd, Kiddington, 
Oxford, GB 


M 


H 




Mouse Anti 
Human MHC 
class II (DP) 


Serotec Ltd, Kiddington, 
Oxford, GB 


M 


H 
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antigen 










Mouse Anti 
Human HLA, DR, 
DP, DQ 


Serotec Ltd, Kiddington, 
Oxford, GB 


M 


H 




R- 

PHYCOERYTHRI 
N Anti-Rabbit IgG 
(H+L) *affinity 
purified 


Vector, Burlingame, CA 


Goat 


Rabbit 




FITC-Conjugated 
F(ab')2 Fragment 
of Rabbit Anti- 
Mouse IgG 


Dako, 

Glostru, Denmark 


Rabbit 


M 




R- 

PHYCOERYTHRI 
N Anti-Mouse IgG 
(H+L) *affinity 
purified 


Vector, Burlingame, CA 


Horse 


M 




FITC-Conjugated 
Mouse Anti 
Human 
Momoclonal 
antibody 


PharMigen 


M 


H 


M 


FITC-Conjugated 
Mouse Anti 
Human 
Momoclonal 
antibody 


PharMigen 


M 


H 


M 


PHYCOPROBE 
RE Anti Goat IgG 
(H+L) 


Biomeda, Foster City, CA 


Rabbit 


G 




AMCA-conjugated 
Affini Pure Goat 
Anti-Mouse IgC 


Accurate Chemical & 
Scientific Corporation, 
Westbury, NY 


G 


M 




HLA Class 1 
Antigen-A2 (IgG) 


US Biological, 

Swampscott, 

Massachusetts 


M 


H 
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Rfx-b 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


G 


H 


P 


CREB-1 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Rabbit 


H 


P 












XBP-1 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


M 


M 


M 


CIR 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


G 


H 


P 


HLA-B Ab-1 


Neomarkers, Union City, 
CA 


M 


H 


M 


B&-1 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Rabbit 


H 


P 


B7-2 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Rabbit 


H 


P 


RBP-J kappa 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


G 


H 


P 


R- 

PHYCOERYTHRI 
N (R_PE)- 
Conjugated 
Mouse Anti- 
Human 
Monoclonal 
Antibody 


Pharmigen, San Diego, CA 


M 


H 


M 


NF Kappa p65 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


R 


H 


P 


Mouse 

(Monoclonal) anti- 
Human HLA Class 
IDR 

1 IUI tUI 1 IvJI \Ji 

Purified 


Biosource International, 
Camarillo, Ca 


M 


H 


M 


Monoclonal 
Mouse Anti- 


Dako, Glostrup, Denmark 


M 


H 


M 
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Human Class 1 
Antigen 




















ISGF-3 gamma 
p48 


Santa Cruz Biotechnology, 
Santa Cruz, CA 


Rabbit 


H 


P 


HLA-AAB-1 


NeoMarkers, Inc. Union 
city.CA 


Mouse 


H 


M 


Anti human HLA 
Class I 
unconiuaated 


Biolnternational 
CamarilIo,CA 


Mouse 


H 


M 


HIA-A-Ab1 


NeoMarkers fremont,CA 


Mouse 


H 


M 


Hla-DR-AB-1 


Neo markers Fremont CA 


Mouse 


H 


M 


Mouse 

(monoclonal) Anti- 
human Fas 
Ligand (FasL) 
Unconjugated 




M 


H 


M 


Anti Neurokinins 


NOVUS bilogicals 


Rabbit 


R 


P 


TAP 1 


Rockland ailbertsville PA 


Rabbit 


H 


P 


lgG2b 


Transduction 
Labratories, lexington , KY 


Mouse 


H 




lgG3 


Chemicon Intl., Temecula, 
CA 


Mouse 


H 


M 


lgG1, 


PharMingen Intl. 


Mouse 


H 


M 


HLA-DR 


Cedarlane, Hornby, 
Ontario, Canada 


Rat 


H 




Alpha-actin 


Cedarlane, Hornby, 
Ontario, Canada 


M 
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Rabbit anti- 
Calreticulin 


RDI, Flanders, NJ 


Rabbit 


H/Rabbit/M 
/Rat 




Mouse-anti- 
Calnexin 
Monoclonal ab 


RDI, Flanders, NJ 


M 


H/rat/M 


M 


Goat anti GRP 


RDI, NJ 


Goat 


H 


P 


HSP70 AB-2 


NeoMarkers, Fremont, Ca 


Mouse 


H/M/R 


M 


Rt1 MHC-II 


Accurate Chemical 
SScientific Corporation, 


Mouse 






Anti-Serotonin 


Cappel.Aurora, Ohio 


Rabbit 


H/M/r 


P 



Any population of cells where stems cells are suspected of being found may be 
sorted according to the method of the invention. Preferably, cells are obtained from the 
bone marrow of a non-fetal animal, and most preferably from a human. Fetal cells may 
5 also be used; the method of the invention may be used, for example, to obtain from 
such cells fetal neuronal stem cells. U.S. Patent Nos. 6,204,053 B1 and 5,824,489, the 
disclosures of which are hereby incorporated by reference, identify additional sources of 
cells that contain or are thought to contain stem cells; any of these cells may be sorted 
according to the method of the invention. 

10 Cell sorting may be by any method known in the art to sort cells. A preferred 

sorting procedure is by fluorescent activated cell sorting (FACS). Magnetic bead cell 
sorting (MACS), and an improvement to it the inventors have developed - double 
magnetic bead cell sorting (D/MACS) - are especially preferred. The conventional 
MACS procedure is described by Miltenyi et a/., "High Gradient Magnetic Cell 

1 5 Separation with MACS," Cytometry 1 1 :231-238 (1 990). To sort cells by MACS, one 
labels cells with magnetic beads and passes the cells through a paramagnetic 
separation column. The separation column is placed in a strong permanent magnet, 
thereby creating a magnetic field within the column. Cells that are magnetically labeled 
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are trapped in the column; cells that are not pass through. One then elutes the trapped 
cells from the column. 

In the inventor's D/MACS procedure, one labels a sample of cells with magnetic 
beads having antibodies to (3 2 m + . In the first sorting step, one depletes B 2 m + cells from 

5 the sample by passing the sample through an LD (milliliters) column. In the second 
sorting step, one positively selects cells having the marker of interest (e.g., an HLA/ 
MHC gene-product marker, such as Thy-1) by passing the sample through an LS 
column. One may use the same buffer as is used in the conventional MACS 
procedure, except that a 0.01% solution of sodium azide is added to prevent capping of 

10 surface antigen-antibody complexes. At the end of the procedure all sorted cells are 
washed with mild isotonic salt solution once and then with serum free PBS three times 
to prevent nonspecific albumin staining. 

In a presently preferred embodiment, the method of the invention is used to 
identify hepatocyte (Examples I and II) and neuronal (Example III) stem cells. 

15 Facultative progenitor cells such as oval cells exist in the liver and can be induced to 
proliferate following hepatic injury when proliferation of mature hepatocytes is 
suppressed with carcinogens. R. P. Evarts ef a/., Cancer Res. 49, 1541-7 (1989). 
However, the nature, origin and role of oval cells and other liver progenitors in liver 
development and repair remain unclear. For many years, oval cells and other liver 

20 progenitors were thought to originate from cells present in the canals of Herring or from 
blast-like cells located near the bile ducts. J. W. Grisham and S. S. Thorgeirsson, 
"Stem Cells," from C. S. Potten, Ed., Stem Cells, Academic Press, San Diego (1997); 
P. M. Novikoff and A. Yam, Am J Pathol 148, 1473-92 (1996). 

Recently, results of cross-sex and cross-strain bone marrow and whole liver 
25 transplantation experiments performed by Petersen et al. indicated that the bone 

marrow may be a source of hepatocyte progenitors and can give rise to cells expressing 
mature hepatocyte markers (e.g., albumin, CKI8, and CAM5.2). B. E. Petersen era/., 
Science, 284, 1168-70 (1999); M. R. Alison etal., Nature 406, 257 (2000); and N. D. 
Theise et al., Hepatology 32, 1 1-6 (2000). Further evidence for the existence of bone 
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marrow-derived hepatocyte stem cells ("BDHSC") comes from a recent study by 
Lagasse et al. with fumarylacetoacetate hydrolase ("FAH") deficient mice. E. Lagasse 
et al., Nat Med 6, 1229-34 (2000). FAH is essential to metabolize phenylalanine; 
without FAH, toxic phenylalanine metabolites build up in the liver, destroying it. 
5 Lagasse et al. showed that transplanting adult bone marrow cells (which contain 
hematopoietic stem cells) into mice that lack FAH restored their liver biochemical 
functions. 

Previous attempts at isolating hepatocyte progenitors both from bone marrow 
and liver have yielded a mixture of hematopoietic and liver progenitor cells with no 
1 0 means of distinguishing between the two. This is because these cells all share 

common cell-surface receptors and antigens, including CD34, Thy-1 , c-Kit, flt-3 and all 
„ known oval cell antigens. E. Lagasse et al., Nat Med 6, 1229-34 (2000); B. E. 
^ Petersen et al, Hepatology 27, 433-45 (1998); M. Omori et al, Am J Pathol 1 50, 1 179- 
|l 87 (1 997); K. Fujio et al, Lab Invest 70, 51 1 -6 (1 994); and S. Brill et al. , Proc Soc Exp 
• J!l5 Biol Med 204, 261-9 (1 993). To date, no one has isolated explicitly and specifically 
U? committed hepatocyte progenitors from bone marrow. 

q Stem cells, like oval cells, are thought to be ideal targets for malignant 

jj transformation, and alterations in MHC/HLA and B 2 m expression are manifested in 
ul many types of cancer cells, as well as in diseased livers where regeneration and 
[ °[20 dedifferentiation are found. See, for example, H . Kubota et al. , Proc Natl Acad Sci USA 
97,12132-7 (2000) and K. N. Lowes etal., Am J PathoH54, 537-41 (1999). 

The methods described in Examples I and II are the first methods ever reported 
to characterize and specifically isolate BDHSC cells. The inventors have discovered - 
using the method of the invention described earlier - that such cells have a novel 
25 combination of common surface antigens, p 2 m~7Thy-1 + that link blast-like cells in the 
bone marrow and in regenerating and malignant livers. These examples demonstrate 
the relative ease with which the method of the invention may be employed to isolate 
and propagate in culture these autologous hepatocyte stem cells. It further 
demonstrates the capability of BDHSC to differentiate, and re-establish, epithelial 
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lineages following proliferation in culture, into hepatocytes and/or biliary epithelial cells. 
This opens new horizons in the study of liver stem cells and provides the means for 
direct study of BDHSC. The present invention further allows one to isolate and use 
these cells in an autologuous manner; this could obviate the need for 
5 immunosuppression, thereby increasing the therapeutic benefits of the present 
invention to patients with liver failure. 

EXAMPLES 

All references cited herein are hereby incorporated by reference in their entirety. 
The following examples are typical of the procedures that may be used to isolate stem 
10 cells according to the method of the invention. Modifications of these examples will be 
apparent to those skilled in the art who seek to identify different stem cells than the 
ones discussed here. 

EXAMPLE I 

Isolation of Hepatocytes from human and rat liver 

15 The inventors examined a variety of tissues for the expression of MHC (HLA, 

RT1 A, RT1 B, RT1 D), hematopoietic stem cell markers (Thy-1 , flt-3, CD 34, c-Kit and 
CD38), and liver associated markers (ALB, AFP, CK8, 18, 19, and C/EBPa) using 
specific antibodies for immunohistochemical (IHC) staining of sections from paraffin 
embedded tissue and isolated cells in suspension after cyto-centrifugation. 

20 Immunohistochemistry and immunofluorescence were performed utilizing the ABC 
method, VECTOR laboratories. Tissue specimens were fixed and placed in paraffin 
blocks and whole cell isolates in suspension were cyto-spun onto slides. All specimens 
were fixed in glyoxal. Interpretation of immunofluorescence was done using three- 
dimensional confocal microscopy. 

25 Human tissue specimens (from three different individuals, 18 different specimens 

overall) were obtained from surgical or diagnostic biopsies. These included 1) surgical 
specimens of hepatocellular carcinomas; 2) specimens from patients with liver diseases 
known to be associated with hepatic regenerative response, such as a) primary 
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sclerosing cholangitis; b) primary biliary cirrhosis; c) alcoholic hepatitis, and fulminant 
hepatic failure; 3) fetal livers from abortion products; and 4) malignant cell lines HepG2 
and Hep3B. N. Fausto et ai, Proc Soc Exp Biol Med, 204, 237-41 (1993) and V. J. 
Desmet, Prog Liver Dis 10, 89-121 (1992) describe these and related specimens. 

5 Rat specimens included livers obtained from 21 Sprague-Dawley rats that 

underwent common bile duct ligation to induce liver injury resulting in a regenerative 
response (see N. Fausto ef a/., Proc Soc Exp Biol Med 204, 237-41 (1993) and "small 
hepatocytes" from cultures established from nonparenchymal cell fraction of adult rat 
livers i.e., cells, which are widely recognized as committed hepatocyte progenitors (as 
1 0 described by T. Mitaka ef ai , Biochem Biophys Res Commun 214,3 10-7 (1 995). 
Whole cell isolation was performed on normal (n=9) and bile duct ligated (n=21) adult 
male Sprague-Dawley rats. Cell harvesting was performed on day 10, after initial 

*B common bile duct ligation, by the standard two-step collagenase perfusion method. 

If! The final cell suspension was further processed using percoll density gradient, 

1 "1 5 consistently achieving final viability of >95%. 

CO Rat specimens also included livers from twelve newborn pups. A two-step non- 

n perfusion, liver cell isolation from newborn rats (1 , 4 and 24 days) was performed. 

2 Livers were removed three at a time, dissected and placed in 0.9% saline to remove 

%B blood, then minced and shaken in a water bath at 38° C in EDTA. The supernatant was 
u 20 discarded and the liver tissue was suspended in Leffert's buffer with 0.05% calcium 

enriched collagenase IV. This procedure was followed by three 10-mm incubations at 
38° C in a shaking water bath. At the end of each digestion, the supernatant was 
collected and fresh collagenase solution was added. The dispersed cells were 
resuspended in ice cold DMEM containing 10% FBS and filtered through a I00 urn 
25 mesh. The resulting cell suspension was centrifuged at 4°C for 2 minutes, the pellet re- 
suspended in DMEM with 10% FBS and placed on ice. Cell variability was greater than 
95% (trypan blue exclusion). 

Quantitative analyses, on stained slides (IHC), were done independently by two 
different investigators. Each stain was repeated three times on the various specimens 
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and 20 random fields were examined. All numbers were computed using Jandel 
Scientific 1.0 software. When indicated, the liver cell mass was estimated to be 
composed of 4% of body weight, e.g., 7x1 0 8 hepatocytes for a 250g rat. 

A significant finding in all source material was the presence of small (5-8 urn 
5 diameter) blast-like cells with small nuclei and scant cytoplasm (high nuclear to 

cytoplasmic ratio) containing only a few organelles (Fig. 1). These cells - in contrast to 
all other nucleated cells - did not express 8 2 m. In normal rat livers these cells were 
occasionally seen near the portal tracts and amounted to less than 0.01 ±0.001% of the 
rat liver cell mass. In contrast, in diseased rat livers they were numerous (4.5+1.5%), 
1 0 frequently in small clusters and apparently "streaming" from zone-1 into zone-2. They 
were never observed in zone-3 of the hepatic acini. 

% i During this "migration," cells differentiated morphologically into mature 

K hepatocytes, exhibited increase in cytoplasmic granularity, lost their expression of AFP, 
ii and maintained expression of ALB (Fig. 1E). To identify the hematopoietic stem cell 
jth5 markers these B 2 nrT cells expressed, rat livers obtained from common bile duct ligation 
CO were separated into B 2 m + and forrT populations using MACS. Hematapoietic stem cell 
O markers - Thy-1 , flt-3, CD 34, c-Kit and CD38 - were identified by 
HI immunohistochemical analysis. Among these, Thy-1 was expressed in 99±2.0% of the 
S 3 2 m~ fraction obtained from whole cell preparation of common bile duct ligation rat 
r:20 livers (Fig. 1F). Moreover, using the B 2 m~7Thy-1 + fraction from whole cell preparations 
of common bile duct rat livers and a triple immunohistochemical staining technique, the 
inventors found that these cells (the p 2 m~7Thy-1 + cells) also expressed AFP, ALB and 
CK8, but not CK18 or CKI9. These findings suggest that bone marrow-derived 
hepatocyte stem cells are potentially in an earlier developmental stage than hepatic 
25 blasts or oval cells. See S. S. Thorgeirsson, Faseb J 10, 1 249-56 (1 996), for a 

description of hepatic blasts and oval cells. These data show that p 2 m~/Thy-1 + cells are 
committed hepatocyte progenitors. 



19 



EXAMPLE II 



Isolation of Hepatocyte Stem Cells from Bone Marrow 

Using the D/MACS procedure described earlier, B 2 m~ cells were isolated from 
the bone marrow of three common bile duct ligation rats. From this population of cells, 
5 the inventors selected five different subpopulations: CD34 + , c-Kit + , flt-3 + , Thy-1" and 
Thy-1 + . The inventors then stained the various sorted cells for ALB. Among these five 
subpopulations, only the Thy-I + had a nearly complete positive albumin signal 
(99.9±1.2%). In comparison to the c-Kit + that had 5-10% and in contradistinction to the 
Thy-1~ cells that did not expressed albumin. Based on these results, the inventors 
1 0 postulated that B 2 m~ /Thy-1 + fraction of the total bone marrow represents bone marrow 
derived hepatocyte stem cells. 

}jj Nine additional Sprague-Dawley rats underwent common bile duct ligation and 

Ul the bone marrow was harvested after 1 0 days. The B 2 m~ /Thy-1 + fraction was obtained 
li and cells were cyto-spun onto slides and stained for ALB, AFP, CK8, CK1 8, CKI9 and 
J!!l5 C/EBPa. Additional cells were sorted directly into cell lysis-buffer and one step single 
cell RT-PCR was performed. All RT-PCR procedures were performed using hot start, 
m single cell, one step technology on equipment from QIAGEN. At the protein level, these 
[ E B 2 m~ /Thy-1 + bone marrow derived hepatocyte stem cells express ALB, AFP, CK8 and 
6 C/EBPa (98.9±1%, 75±10.0% 95+3.0% and 99±0.5% respectively) (Fig. 2A-D) and at 
^20 the mRNA level, these cells express ALB, C/EBPa, p450 (Cyp3A2), HNF-4 but not 

HNF-1 (Fig. 2E). Quantitatively, the B 2 m~ fraction obtained from normal bone marrow 
(n=7), represented 0.45%±0.60% of the total cell mass in the bone marrow while the 
same fraction obtained from the bone marrow of common bile duct ligation rats (n=7) 
represented 3.66±0.1 %. Of these fractions, bone marrow derived hepatocyte stem 
25 cells (B 2 m~7Thy-l + ) represented 1 .9±1 .6% and 5.5±2.3%, or 8.5x1 0" 5 and 2.0x1 0" 3 of the 
total non-erythroid bone marrow cell mass respectively. 

Utilizing the same magnetic bead cell sorting procedure, the B2m~7Thy-1 + fraction 
was extracted from six normal human bone marrow samples. All of the samples 
studied expressed ALB and its transcription factor C/EBPa both at the mRNA and 
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protein levels (Fig. 2F-H). To assure the accuracy of these studies, four different fem, 
three albumin, and two Thy-1 antibodies were used. In addition, the inventors used two 
different sets of albumin primers, including nested primers to increase the sensitivity 
and specificity of the findings. 

5 Freshly isolated BDHSC can be characterized as hepatocyte progenitors as 

assessed by expression of ALB, AFP, CK8, C/EBPa and HNF-4. After culturing these 
cells clearly differentiated into mature hepatocytes, which exhibited ureagenesis from 
ammonia and expressed ALB, C/EBPa, CAM5.2 and additionally by de-novo 
expression of HNF-I. These effects are enhanced several fold after co-culture with 
10 autologus hepatocytes and serum obtained from rats with cholestasis. 

To establish the hepatic nature of the bone marrow derived hepatocyte stem 
cells, the inventors examined their functional characteristics in vitro. A culture system 
was designed to simulate the cholestatic regenerative response/signal in vivo. (Fig. 3A) 
This culture system was constructed of two chambers, separated by a semi-permeable 

1 5 membrane (pore size 0.4pm). The top chamber was coated with collagen type-l and 
contained hepatocytes isolated from common bile duct ligation rat livers. The bottom 
chamber was coated with laminin containing "MATRIGEL®," collagen type-IV, TNF-p 
and aFGF, and contained the corresponding autologous BDHSC isolated from bone 
marrow extracted from six different femurs. The modified media contained 5% 

20 autologous "toxic" serum. This serum is obtained from autologous common bile duct 
ligation rats and is thought to contain humoral factors that have a role in signaling the 
BDHSC to proliferate, differentiate, and migrate to the injured liver. Dexamethasone 
and IL3 were added to the media after 72 hours to enhance differentiation and 
proliferation. BDHSC were co-cultured with autologous hepatocytes using the Costar 

25 Transwell COL inlay (Corning Costar Corporation). The inlay was seeded with 50,000 
hepatocytes/cm 2 and the Matrigel coated (25 ug/cm 2 ) lower compartment contained the 
BDHSC. HGF (25ng/ml) and autologous serum (5%) was added to the regular small 
hepatocyte culture media as described by Mitaka et al, Biochem Biophys Res Commun 
214,3 10-7(1995). 
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The chambers were separated and placed in fresh serum free media at days 3, 5 
and 7. Each of the twelve cell colonies was than challenged with 1 .5 mM ammonia for 
8 hours. Ammonia clearance and ureagenesis were measured using a colorimetric 
assay. Ammonia clearance and ureagenesis was determined by an enzymatic 
5 colorimetric test (Boehringer-Mannheim). Results were analyzed by ANOVA and 

Fisher's exact test (Jandel Statistical Software, version 1.0) and found to be statistically 
significant. The results are shown in Fig. 3B. 

The functional study described in this example showed that the BDHSC, after co- 
culture with injured hepatocytes isolated from cholestatic livers and autologous "toxic" 

10 serum, could metabolize ammonia into urea, a highly specific hepatocyte function. This 
function is described in S. G. Powers-Lee and A. Meister, "Urea Synthesis and 

% Ammonia Methabolism," in I. M. Arias et a/., Eds., The Liver: Biology and Pathobiology 
(Raven Press, Ltd. New York, ed. second edition, 1988). 

Some reports describe ureagenesis by macrophages. Macrophages, however, 
115 need L-arginine as a substrate, a substance that was excluded from the culture media 
of this example. A negative signal after staining with monoclonal antibody specific for 
rat macrophages further suggests that the inventor's cells are not macrophages. Data 
from 18 different experiments performed on BDHSC and hepatocytes purified from 
i bone marrow obtained from six different femurs showed that BDHSC produced 29 pg of 
]20 urea per I0 6 cells/hour in comparison to 46 |jg of urea produced by their autologous 

hepatocytes. These results were compared to data obtained from controls consisting of 
normal whole bone marrow extracted from three different animals and cultured in the 
same manner. Strikingly, the control bone marrow did not metabolize ammonia into 
urea (p < 0.05). Further controls from three additional animals were performed using 
25' BDHSC alone from normal animals and BDHSC that were co-cultured with non- 
cholestatic autologous hepatocytes (Fig. 3B). Results from these experiments 
demonstrated that BDHSC alone did not differentiate efficiently into ammonia 
metabolizing cells although they exhibited a small degree of ureagenesis. In 
contradistinction, the same cells (BDHSC) co-cultured with autologous hepatocytes 
30 isolated from normal animals did express de-novo ureagenesis (P < 0.003) (Fig. 3B). 
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This suggests that BDHSC require as yet undefined humoral factor(s), possibly 
contained in cholestatic sera to fully differentiate into functioning hepatocytes (p < 
0.05). 

Further characterization of these BDHSC was performed on day 7. Double 
5 immunofluorescence studies revealed that in these cultures BDHSC express both the 
hepatocytic marker CAM5.2 (as described by T. S. Lai YS ef a/., Arch Pathol Lab Med, 
113, 134-138 (1989)) and albumin, as well. Three-dimensional confocal-microscopy 
showed co-localization of both ALB and CAM5.2 signals to the cytoplasm of BDHSC 
(Fig. 4A-B). To further confirm expression of ALB, ALB gene expression was examined 
10 at the mRNA level utilizing single cell one step RT-PCR. The results confirmed 

expression of ALB, its transcription factor C/EBPa and de-novo expression of HNF- 1. 
fS % Interestingly, these cells lost the expression of HNF-4 after culturing (Fig. 4C). 

HI After 7 days in culture, each dish contained several aggregates of cells, which 

ry morphologically resembled hepatocytes (Fig. 4D-E). Transmission electron microscopy 
^15 was used to examine the ultra structure of these cells. The resulting micrographs 
CO demonstrated hepatocyte morphology (Fig. 4F). While some BDHSC transformed into 
III committed hepatocytes morphologically, the remaining cells did not change morphology 
|[f but underwent extensive proliferation. Cultures were initially plated with 5x1 0 4 cells per 
yi! dish. On day 7, expansion to 1 .5-2.0x1 0 6 cells/dish occurred representing five to six 
r20 cell divisions, or about one cell cycle per 24 hours. Of note, in control dishes of BDHSC 
that were co-cultured with autologous hepatocytes obtained from normal animals, 
similar cellular aggregates and proliferative responses were not observed but the cells 
did metabolize ammonia into urea although, to a much lesser degree. 

The observations made in this example demonstrate that the adult (human and 
25 rat) bone marrow contains a sub-population of cells with stem-cell-like properties and 
that these cells can function as hepatocytes with appropriate stimuli. The necessity of 
the interaction between injured hepatocytes and BDHSC, likely via a humoral factor, 
was demonstrated by the lack of liver specific function (ammonia metabolism and 
ureagenesis) when BDHSC were grown in non-toxic serum and without injured 
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hepatocytes (Fig. 3B). This finding is similar to what is seen during embryogenesis, 
where interaction of committed endodermal cells with mesenchymal components of the 
primitive liver appears to be critical for proper lineage development and differentiation. 
It then follows that the epithelial stem-cell-like hepatocyte progenitor cells of the adult 
bone marrow may phenotypically resemble hepatoblasts of the fetal liver as 
demonstrated in our study. Additionally, the compartment-type zonation of sublobular 
ureagenesis gene expression, which was described by Haussinger lead further 
credence to our findings; the higher concentration of these BDHSC in the periportal 
area and their ability to produce urea from ammonia. 

The evidence presented suggests that these BDHSC are at an earlier 
developmental stage than oval cells or hepatoblasts. Therefore, these cells might 
possess earlier or greater pluripotential capabilities. Early liver development coincides 
with the expression of a subset of hepatocyte-enriched-transcription-factors (HETF) like 
HNF-4 and HNF-1. F. M. Sladek, Receptor 4, 64 (1994); M. Ott etai, Gene Expr8, 
175-86 (1999). HETF are expressed prior to the emergence of cells recognized to be 
committed liver lineages and expression of these genes is crucial in the determination 
and characterization of early liver cells, in particular the CCAAT/enhancer binding 
protein C/EBPa. Hepatoblasts that express ALB, AFP, HNF-4 and HNF-I represent the 
earliest committed liver cells in the developing embryo. BDHSC do not express HNF-I 
early on. However, following culture with a putative humoral factor(s) (possibly 
contained in "toxic" serum from cholestatic rats), these cells clearly differentiate into 
hepatocytes and some possibly into cholangiocytes acquiring expression of HNF-1 and 
CKI9 while losing expression of AFP. This example demonstrated significant 
proliferative activity in vitro as well as manifestation of morphological characteristics and 
expression of liver specific differentiated functions in these BDHSC. 
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EXAMPLE III 



Isolation of neural stem cells 

Neural progenitors were harvested from the mesencephalic, striatal, and cortical 
regions of 24 week old human abortus fetal brain. The tissue was dissected into 0.5 cm 
pieces using a scalpel in sterile phosphate buffered saline (PBS, ph 7.4, Life 
Technologies). It was then transferred into a 50 ml Falcon tube containing 15 ml of 
0.25% Trypsin solution in Versene (Life Technologies). The tissue was incubated for 
10 minutes at 37° C and subsequently 15 ml of trypsin neutralization solution 
(Clonetics) was added. The tissue was then mechanically dissociated using a glass 
pipette and centrifuged a 1000 rpm. The supernatant was aspirated and discarded. 

The pellet containing dissociated cells was resuspended in B27 growth medium 
(Dulbecco's Modified Eagle Medium with additional nutrient mixture F12-Ham 1:1, Life 
Technologies) to which 2 ug/ml of Heparin (Sigma, St. Louis) and penicillin- 
streptomycin solution (100 u/ml and 100 ug/ml respectively, Life Technologies) was 
added. The dissociated cells were plated at a density of approximately 100,000 
cells/ml and were grown on uncoated T75 (Falcon, USA) plastic flasks in B27 medium 
with additional human bFGF and LIF (20 ng/ml each, PeproTech). The cells grew as 
free-floating clusters ("neurospheres") and were prevented from attachment by gently 
tapping the flasks each day. The neurospheres were mechanically dissociated every 7 
days and when a density of 5 x 10 5 cells/ml was achieved, cells were propagated to a 
new flask. 

Approximately 100,000 cells were taken as neurospheres to be sorted by FACS 
(Dickinson, USA). The neurospheres were incubated in PBS with 0.25 mM EDTA for 5 
minutes, then were transferred into a B27 medium. Thereafter, the neurospheres were 
further dissociated (mechanically) into single cells. The cells were then centrifuged for 
5 minutes at 300g. The supernatant was discarded, and the cells were resuspended in 
DMEM/F12 or PBS to achieve a concentration of 1 x 10 8 cells/ml. Primary antibodies 
were added at 10 ul per 50 ul of cell suspension and incubated for 30 minutes at 4° C. 
Antibodies to p 2 m were added in a 1 :1 75 ratio (1 part p 2 m to every 175 parts cell 
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suspension) and antibodies to HLA class II were added in a 1 :200 ratio. 1 0 times 
volume of DMEM/F12 or PBS was added and the cells were washed for 5 minutes. 
Cells were centrifuged for 5 minutes at 300g and the supernatant was discarded. 

Secondary FITC-conjugated antibodies (1 :50) were added at 50 ul per 50 ul of 
cell suspension. Cells were incubated for 30 minutes at 4° C. 10 times volume of 
DMEM/F12 or PBS was added and the cells were washed for 5 minutes. Cells were 
centrifuged for 5 minutes at 300g and the supernatant was discarded. Cells were 
resuspended in 400 ul of DMEM and were transferred to a FACS machine. 

Cells sorted by FACS were differentiated by plating them on glass slides coated 
with laminin (40 mg/ml, Boehringer Mannheim). All-trans retinoic acid (10-6 M, Sigma), 
dibutyryl cyclic AMP (1 mM, Sigma) and brain-derived neurotrophic factor (20 ng/ml, 
Peprotech) were added to the growth media. The cells were differentiated for 5 and 10 
days and then stained for specific neuronal markers (B-lll tubulin and MAP2 a&b). 

Class I and p 2 m expression were found to be low and heterogenous on the cell 
surface of neuronal progenitor cells. Post differentiation, class I expression decreased 
significantly and fcm expression became high and homogenous in more differentiated 
cells. Undifferentiated progenitors did not express TAP or class II while differentiation 
stimulated expression of both. CLIP and class ll/DM expression increased significantly 
after stimulation. The foregoing demonstrates that the expression of class I and II 
products of HLA varies widely in a predictable and specific manner among 
heterogeneous neuronal progenitors, thereby permitting one to sort between true 
neuronal and other progenitor cells (e.g., oligodendroglia, astrocytes, etc.) according to 
their pattern of HLA expression. 

Those skilled in the art will recognize, or be able to determine using no more 
than routine experimentation, variations on the foregoing examples that will permit them 
to identify many other stem cells than the ones described herein. 
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